Introduction
Metabolic diseases contribute a massive burden to healthcare throughout the world. Although a large number of Mendelian disorders of metabolism have been identified, the vast majority of metabolic disease burden stems from complex diseases such as diabetes, which have both heritable genetic components, as well as contributions from a patient's lifestyle and environmental exposures. In recent years, genome-wide association studies (GWAS) have uncovered a large number of sequence variants that significantly contribute to the overall heritability of metabolic diseases or to various morphological traits such as body mass index (BMI) or adiposity (Travers and McCarthy, 2011) . However, an emerging theme from GWAS is that all genetic variants identified typically explain a small fraction of the heritability of a given complex trait such as diabetes. As one of many examples, in human populations of European descent, all significant GWAS ''hits'' together explain 10% of the heritability of type 2 diabetes and 5% of heritability of fasting plasma glucose (Bonnefond et al., 2010; Morris et al., 2012; Scott et al., 2012) . In general, a number of factors could explain this so-called ''missing heritability,'' including many rare variants contributing to a given phenotype, and epistasis. In addition to these, it is increasingly appreciated that epigenetics-the inheritance of information beyond DNA sequence-could potentially contribute to the heritability of such diseases. Indeed, a substantial body of evidence links parental nutritional status to metabolic traits in offspring, possibly providing an explanation for a subset of missing heritability in metabolic diseases.
For example, the development of disease later in life has been linked to exposure to an adverse intrauterine environment, as observed in offspring of pregnancies complicated by intrauterine growth restriction (IUGR), obesity, or diabetes Barker, 1992, 2001; Kermack et al., 1934; Ravelli et al., 1976 Ravelli et al., , 1998 Valdez et al., 1994) . The period from conception to birth is a time of rapid growth, cellular replication and differentiation, and functional maturation of organ systems. These processes are very sensitive to alterations in nutrient availability, and an abnormal intrauterine metabolic milieu can thus have longlasting effects on the offspring. Perhaps the clearest case of how nutrient availability during pregnancy affects long-term health and disease in the offspring is exemplified by the Dutch Hunger Winter. This period of famine occurred in the western part of the Netherlands during the winter of 1944-45; the period of famine was clearly defined, and official food rations were documented. Extensive health care and birth weight registries still exist for this population, and numerous studies on this cohort have clearly shown that prenatal exposure to famine is associated with the later development of diseases such as obesity, diabetes, and cardiovascular disease (Lumey et al., 2007) .
David Barker and Nicholas Hales coined the term ''fetal origins of adult disease'' based on their studies demonstrating a relationship between low birth weight and the later development of cardiovascular disease and impaired glucose tolerance Barker, 1992, 2001 ). This concept has been broadened to include nutritional excess and/or diabetes during pregnancy. Multiple studies in diverse populations throughout the world have demonstrated a significant correlation between low birth weight, maternal obesity, or maternal diabetes and the later development of chronic diseases such as type 2 diabetes and or obesity (reviewed in Duque-Guimarã es and Ozanne [2013] and Simmons [2011] ). It must be acknowledged that these epidemiology studies are cross-sectional (rather than longitudinal) and, with the exception of the study by Rich-Edward and colleagues (Rich-Edwards et al., 1999) , typically have small numbers of subjects. Nonetheless, the human data are compelling in aggregate and are well supported by animal studies in multiple species, including nonhuman primates.
Although most studies have concentrated on the maternal environment, it is also becoming increasingly evident that paternal exposures can result in the later development of metabolic disorders in the offspring (Rando, 2012) . Further, both human and animal studies demonstrate intergenerational transmission of the maternal or paternal phenotype (see F2 effects in Figure 1 ), suggesting the possibility that an epigenetic mechanism is mediating these effects (see below). In this Review, we will highlight the most relevant animal models and molecular mechanisms underlying maternal and paternal transmission of information about nutritional status to offspring.
The Maternal Environment
Decreased Nutrient Availability: Fetal Growth Restriction A number of animal models have been used to assess the role of gestational environmental effects in inducing chronic diseases in the offspring (reviewed in Fowden and Forhead [2004] and McMillen and Robinson [2005] ). In such models, pregnant females are subject to a variety of challenges, including (1) caloric or protein restriction, (2) glucocorticoid administration, and (3) induction of uteroplacental insufficiency via methods such as ligation of the uterine artery. Although the outcomes observed in offspring differ in detail depending on the organism studied and the details of the challenge, a large number of related studies all find that severe maternal undernutrition during gestation can have an impact on offspring glucose metabolism that persists into adulthood. For instance, in the rat, maternal protein restriction (by 40%-50% of normal intake) during gestation and lactation can impair insulin sensitivity, induce b cell defects, and cause hypertension in offspring (Dahri et al., 1991) , and as these offspring age, they develop hyperglycemia characterized by defects in insulin signaling in muscle, adipocytes, and liver (Fernandez-Twinn et al., 2005; Ozanne et al., 2003; Petry et al., 2001) . Beyond the lasting effects of gestational environment on the F1 generation (Figure 1 ), some reports find that fetal undernutrition can alter phenotypes even in the F2 generation (Jimenez-Chillaron et al., 2009; Radford et al., 2012; Radford et al., 2014) , a result that will be discussed further in the paternal effects section.
Mothers can buffer the effects of various dietary regimens on fetal access to nutrients-only in the face of severe maternal malnutrition is fetal growth adversely affected by maternal diet. As a result, IUGR in humans seldom occurs as a result of maternal undernutrition and instead most often is a consequence of uteroplacental insufficiency. Conditions such as maternal hypertension, pre-eclampsia, anemia, smoking, and poor placentation are common causes of uteroplacental insufficiency. To model uteroplacental insufficiency in the laboratory, bilateral uterine artery ligation at day 18 of gestation in the rat (where term is 22 days) is used to restrict fetal growth. This paradigm recapitulates key aspects of human IUGR, with reduced levels of glucose, insulin, insulin-like growth factor 1 (IGF-I), amino acids, fatty acids, and oxygen being available to the fetus (Simmons et al., 1992 (Simmons et al., , 2001 ). In adulthood, IUGR rats develop diabetes with a phenotype similar to that observed in the human with type 2 diabetes: progressive dysfunction in insulin secretion and insulin action (Simmons et al., 2001; Stoffers et al., 2003) .
These and many other studies provide a clear link between nutrient availability during gestation and future metabolic phenotype in offspring. A burgeoning field seeks to understand how a fetus' early environment can alter the metabolism of the offspring long after access to adequate nutrition has been restored. Proximate Cellular Mechanisms: Mitochondrial Dysfunction and Oxidative Stress. How does a resource-poor environment affect developing organ systems? Although many metabolic pathways and signaling systems are of course impacted by levels of hormones and available nutrients, it appears that reprogramming of mitochondrial function represents one of the Maternal effect paradigms typically involve altered access to nutrients, with key paradigms including under-or overnutrition prior to conception, during preimplantation development, or later in pregnancy. Phenotypes are then typically studied in F1 offspring. In a subset of experimental systems, F1 offspring are bred either with control animals or with one another to identify multigenerational effects of fetal undernutrition. key adaptations enabling the fetus to survive in a limited nutrient environment (Pejznochova et al., 2010; Sakai et al., 2013) . In response to a reduction in energy supply and oxygen secondary to uteroplacental insufficiency, mitochondria are activated in the fetus to satisfy the cellular need for energy (Chang et al., 2013; Lattuada et al., 2008) . However, activated mitochondria can lead to increased production of reactive oxygen species (ROS) and to oxidative stress (Figure 2 ), which can have deleterious effects in cells that have a high energy requirement, such as the pancreatic b cell (Newgard and McGarry, 1995; Simmons, 2005) . Consistent with this, uteroplacental insufficiency has been shown to induce oxidative stress and marked mitochondrial dysfunction in the b cells, hepatocytes, myocytes, and placenta of IUGR offspring (Myatt, 2010; Peterside et al., 2003; Selak et al., 2003; Simmons et al., 2005) . Islets of IUGR offspring exhibit progressive declines in ATP production and activities of complexes I and III of the electron transport chain, as well as accumulating mutations and decreasing content of mitochondrial DNA with age .
Although b cells are particularly susceptible to oxidative stress, mitochondrial dysfunction is not limited to the b cell in the IUGR animal. Oxidation rates of pyruvate, glutamate, succinate, and a-ketoglutarate are markedly decreased in isolated hepatic mitochondria from IUGR pups (prior to the onset of diabetes), and this derangement predisposes the IUGR rat to increased hepatic glucose production by suppressing pyruvate oxidation and increasing gluconeogenesis (Park et al., 2003; Peterside et al., 2003) . Similar defects are observed in IUGR muscle, where impaired ATP synthesis compromises energydependent GLUT4 recruitment to the cell surface, glucose transport, and glycogen synthesis, all of which could potentially contribute to the insulin resistance and hyperglycemia of type 2 diabetes .
Mitochondrial abnormalities have also been observed in other animal models of IUGR. Mitochondrial DNA content is reduced in liver, pancreas, and skeletal muscle of male offspring of rat dams fed a low-protein diet during pregnancy and lactation (Park et al., 2004) , and similar findings have been reported in a pig IUGR model . Finally, more recently, a targeted metabolomics study in a rabbit IUGR model (unilateral uterine artery ligation) revealed a significant increase in metabolites associated with oxidative stress in IUGR rabbit brain (van Vliet et al., 2013) . Thus, multiple models of fetal growth restriction in different species show oxidative stress in several tissues, making mitochondrial dysfunction a common feature of fetal growth restriction and a good candidate to play a mechanistic role in the later development of disease in adulthood (Petersen et al., 2004) .
Much remains to be learned about the proximal mechanisms by which an altered intrauterine milieu affects developing animals. Intervention studies will be required to definitively identify whether and how mitochondrial alterations contribute to metabolic changes in offspring. Moreover, although altered mitochondrial function is a common outcome of IUGR, it also is clear that many other signaling pathways are activated, often in a tissue-specific manner, in IUGR offspring as they develop. A key challenge for the field will be to understand how these different pathways interact to result in the long-term outcomes observed in IUGR individuals. Cellular and Molecular Mechanisms: Epigenetic Regulation. The central question in considering the developmental origins of adult disease is how a transient stimulus occurring early in life can give rise to long-lasting phenotypic consequences that persist many cellular generations after termination of the nutritional challenge. Cellular memory systems such as those involved in cell state maintenance-collectively referred to as epigenetic inheritance mechanisms-play widespread roles in maintaining phenotypes across tens or hundreds of mitotic generations following transient developmental cues and thus represent the likeliest candidates underlying persistent effects of the fetal environment later in life.
Intriguingly, the metabolic or nutritional state of the organism directly influences epigenetic modifications, as essentially all known epigenetic modifications rely upon substrates derived from intermediary metabolism such as S-adenosyl methionine (SAM), acetyl CoA, a-ketoglutarate, and nicotinamide adenine dinucleotide (NAD + ) (Kaelin and McKnight, 2013 (Cooney et al., 2002; Dolinoy et al., 2006; Waterland et al., 2006) , suggesting that early-life access to specific metabolites can stably change gene expression via epigenetic modifications, thus affecting the phenotype of the adult. A number of animal studies have shown that maternal nutritional status and fetal nutrient availability induce epigenetic modifications across the genome-genome-wide DNA hypomethylation, as well as an increase in total histone H3 acetylation, is observed in postnatal IUGR liver (MacLennan et al., 2004) . Beyond such global effects of IUGR, focal changes in epigenetic marks have also been described at specific target genes, as for example the promoters of Ppargc1 and Cpt1 exhibit local increases in H3 acetylation even relative to the increased background H3 acetylation observed in neonatal IUGR liver (Fu et al., 2004) . Among these locus-specific changes, promoters of key developmental transcription factors have been the subject of the greatest interest. Most notably, in the rat model, fetal growth restriction induces epigenetic modifications that alter the expression of the homeodomain-containing transcription factor PDX1 (Park et al., 2008) . PDX1 plays a critical role in the early development of both endocrine and exocrine pancreas and then in the later differentiation and function of the b cell, making regulation of this target a key focus for understanding the pathological outcomes of IUGR. Levels of Pdx1 mRNA are reduced by more than 50% in IUGR fetal rats as early as 24 hr after the onset of growth retardation, and altered Pdx1 expression persists after birth. Repression of Pdx1 occurs in two waves, as early repression of this gene involves histone deacetylation by the mSin3A complex, followed later by H3K9 dimethylation and eventual recruitment of DNMT3A and cytosine methylation. Prior to cytosine methylation-at the neonatal stage-this epigenetic process is reversible and may define an important developmental window for therapeutic approaches. Indeed, hormone treatments that result in early reversal of Pdx1 deacetylation also prevent the onset of diabetes in the IUGR rat (Pinney et al., 2011) , although whether epigenetic misregulation of Pdx1 is responsible for metabolic phenotypes in offspring remains to be directly tested. Intriguingly, Pdx1 expression is also markedly decreased, with correspondingly increased methylation of a key enhancer element, in islets of humans with type 2 diabetes (Yang et al., 2012) , further emphasizing this locus as a target of significant therapeutic interest in humans.
Pdx1 represents one of several well-characterized target loci that suffer long-term epigenetic reprogramming in response to maternal dietary conditions. As another example, the pancreatic transcription factor Hnf4a is also epigenetically regulated by maternal diet in rat islets from offspring of protein-restricted dams (Sandovici et al., 2011) . Here, increased levels of DNA methylation and repressive histone modifications at the P2 promoter of Hnf4a were linked to a significant reduction in expression, while reversal of DNA methylation and histone modifications could re-activate transcription of Hnf4a via the P2 promoter. Another relatively well-characterized epigenetic target of caloric restriction during pregnancy and lactation is the Glut4 promoter in skeletal muscle, where diminished histone acetylation and increased H3K9 methylation occurs in response to maternal caloric restriction, although in this case, there is no apparent increase in cytosine methylation (Raychaudhuri et al., 2008) . These events effectively create a metabolic knockdown of glut4, an important regulator of peripheral glucose transport and insulin resistance. Taken together, these studies show that histone modifications can be stably altered at specific genomic loci in response to a calorie-restricted model of IUGR.
These and ongoing studies identify epigenetic changes associated with pregestational access to nutrients, thus providing compelling hypotheses for the mechanism by which early environment exerts long lasting phenotypic effects ( Figure 2 ). Two outstanding questions are raised by such findings. First, the signaling mechanisms responsible for establishing or altering epigenetic marks at specific target genes largely remain obscure. Does fetal undernutrition affect Pdx1 histone acetylation by altering global levels of Acetyl-CoA, with genomic variability in activity of specific histone acetyltransferases at individual genes making specific genes more or less responsive to Acetyl-CoA changes in a given concentration window? Or, presumably more likely, are histone-modifying enzymes specifically targeted to individual target genes via signal-induced recruitment by sequence-specific DNA-binding proteins? Second, understanding the epigenetic marks that play the greatest role in contributing to eventual phenotypic outcomes will require directed epigenetic interventions. For example, inducible CRISPR-targeted recruitment of histone acetylases to the Pdx1 promoter could be used to assess the importance of IUGR-driven deacetylation of this locus in the pathogenesis of b cell dysfunction in offspring. Both of these areas of research should yield great insight over the coming decade. Increased Nutrient Availability: Obesity in Pregnancy Although it has long been understood that inadequate nutrition during pregnancy can have lasting metabolic effects on children, only more recently has the converse situation of maternal overnutrition been appreciated as a contributor to adult disease. Obesity is a growing threat worldwide, and its prevalence has risen dramatically over the last two decades, with many studies indicating that early life exposures are important in promoting adult obesity. There are a number of critical periods during childhood that appear to influence the later development of obesity, including early infancy, 5-7 years of age (known as the adiposity rebound period), and puberty (reviewed in Dietz, 2004) . It is becoming increasingly evident that the prenatal stage also represents a window of susceptibility for early life exposures (Bayol et al., 2005; Chang et al., 2008; Guo and Jen, 1995; Simmons, 2005; Sullivan et al., 2011) , as offspring of obese humans and animals exhibit increased fat mass very early in life. In fact, several studies suggest that obesity can also influence molecular aspects of the oocyte and early embryo Marquard et al., 2011) , raising the possibility that exposure to an adverse metabolic milieu even prior to pregnancy (Figure 1 ) could account for some of the metabolic outcomes observed in offspring. Indeed, by carrying out reciprocal two-cell embryo transfers between obese mice or lean mice, we have separated the effects of obesity on the oocyte from its effects on the gestational environment. Pre-gestational exposure to maternal obesity impaired fetal and placental growth despite the conceptus being exposed to a normal gestational milieu after transfer, with changes in placental gene expression being observed for offspring generated from high-fat oocyte donors (Sasson et al., 2015) . Alterations are also observed in the brain reward system of offspring generated using this paradigm (Grissom et al., 2014) , suggesting that obesity prior to pregnancy may program food preferences and/or intake. These results have profound implications, as it is possible that the effects of maternal obesity may be thus transmitted to subsequent generations. Cellular Mechanisms: Inflammation and Oxidative Stress. Obesity, in both the non-pregnant and pregnant state, has long been understood to involve increased inflammation and oxidative stress in a multitude of tissues throughout the body. Release of inflammatory molecules occurs not only in metabolic and immune tissues, as the placenta can also contribute to the inflammatory/oxidant state; a number of studies have reported that expression of cytokines, inflammation-related genes, and genes linked to oxidative stress are markedly elevated in placenta of obese women (Hauguel-de Mouzon and GuerreMillo, 2006; Roberts et al., 2011; Taylor and Poston, 2007; Zaretsky et al., 2004; Zhu et al., 2010) . Data from animal studies suggest that oxidative stress is directly linked to the development of obesity in offspring. In rats, exposure to maternal obesity prior to and during pregnancy leads to mild oxidative stress even prior to implantation, and this altered state persists into early life (Sen and Simmons, 2010) . Importantly, administration of an antioxidant supplement to the dam completely prevents the development of adiposity and glucose intolerance in the offspring, providing evidence for a causal role for oxidative stress (in the mother or in the embryo) in the later development of obesity.
A key question remains to be addressed: how does inflammation and oxidative stress result in increased accumulation of fat? Multiple studies have shown that inflammatory mediators and oxidants enhance adipogenesis, promote differentiation of adipocyte progenitors, and increase lipid deposition in the adipocyte (reviewed in Ortega and Ferná ndez-Real, 2013) . However, it remains to be determined whether or not these pathways are operative in the early embryo or fetus. It is also well known that a normal redox state plays a fundamental role in embryonic development, and it is possible that a more oxidizing environment alters lineage specification. Consistent with this notion is the finding that expression of a number of genes regulating adipocyte commitment is altered in blastocysts of obese animals (Sen and Simmons, 2010) . As in the case of IUGR, a multitude of signaling cytokines and metabolites differ in abundance between obese versus non-obese pregnancies, and much work remains to be done to define the contributions of individual signaling pathways to phenotypic outcomes in the offspring. Cellular and Molecular Mechanisms: Epigenetic Regulation of Adipogenesis. The observation that increased fat mass in offspring of obese animals occurs very early in life suggests that adipocyte development per se may play an important role in the genesis of obesity in the offspring. This is not to say that increased maternal adiposity does not program appetite or energy expenditure later in life-it likely does (Chang et al., 2008; Grissom et al., 2014) . However, several lines of evidence also implicate potentiation of adipogenesis in early life as a causal mechanism for the later development of obesity.
Adipocyte precursor cells isolated from fat express high levels of mesenchymal stem cell markers such as Pref-1, Wisp2, and anti-angiogenic factors, which together maintain the adipocyte precursor cell in a committed but undifferentiated state (Rodeheffer et al., 2008; Wagner et al., 2005) . Obesity in pregnancy significantly increases expression of similar genes in fat tissue of young offspring, and this altered expression persists in fat tissue of older offspring of obese dams, suggesting the possibility that continuing expansion of the adipocyte precursor pool may help explain the progressive increase in fat mass in the offspring (Sen and Simmons, 2010) . Further support for this concept was recently shown in studies by Du and colleagues (Yang et al., 2013) , who find that expression of Zfp423, a key transcription factor committing cells to the adipogenic lineage, is significantly increased in e14.5 embryos of obese dams. Levels of many other key adipogenic, as well as lipogenic, regulators (Zfp423, PPARg, C/EBPa, C/EBP-b, SREBP-1, FASN, SCD-2, and ELOVL-6) are markedly increased in white adipose tissue of offspring of obese dams (Borengasser et al., 2014) . Notably, many of these expression changes in offspring are accompanied by local changes in cytosine methylation, again providing a plausible mechanism by which early fetal experience can induce persistent phenotypic changes in offspring. How the nutritional environment signals to these genes and whether these epigenetic marks are responsible for long-term phenotypic outcomes remain to be studied. Epigenetic Epidemiology The findings described above linking over-or under-nutrition during pregnancy to epigenetic changes in offspring naturally raise the opportunity for epigenomic surveys in humans to potentially identify targets for therapeutic intervention. Indeed, there are numerous studies in humans examining the relationship between fetal nutrient availability and epigenetic modifications in the offspring (Rakyan et al., 2011) . At present, many of these are confounded by small sample size, cellular heterogeneity of tissues examined, and lack of validation. For example, most DNA methylation assays are performed in total peripheral blood monocytes, where the unique methylation profiles of the various cellular lineages complicate interpretation of the data. Despite these issues, multiple studies in diverse populations report changes in DNA methylation associated with low birth weight and or altered nutrient availability. Thus, it is likely that an adverse in utero milieu does indeed induce epigenetic modifications in the offspring, but whether these modifications have biological relevance remains to be determined. The field of ''epigenetic epidemiology'' remains an active and growing field of investigation, and we anticipate exciting advances in this area in the coming years. Multigenerational Transmission: Maternal That the in utero environment influences phenotypes in the offspring is not particularly surprising, given that the offspring directly experience the gestational environment. However, it is also becoming increasingly evident that the effects of an altered in utero milieu may be even transmitted to subsequent generations that did not experience the environment (reviewed in Aiken and Ozanne, 2014) . For example, in humans, studies done in a Swedish population showed that overnutrition in the grandparents during early childhood is associated with increased risk of cardiovascular disease in grandchildren (Kaati et al., 2002; Pembrey et al., 2006) . Further, obesity in the grandchild is linked to obesity of the grandparent independent of parental weight (Davis et al., 2008) . The transmission of programmed effects to subsequent generations has been reported in a number of animal models, including prenatal glucocorticoid overexposure in rats (this model has clinical relevance as glucocorticoids are commonly given to women threatening preterm delivery) (Drake et al., 2005 (Drake et al., , 2011 , maternal undernutrition in mice and rats (Blondeau et al., 2002; Harrison and Langley-Evans, 2009; Jimenez-Chillaron et al., 2009; Thamotharan et al., 2007) , neonatal overnutrition in the mouse induced by a reduction in litter size (Pentinat et al., 2010) , and maternal obesity in mice Bale, 2009, 2011; Gniuli et al., 2008) . The majority of these studies end at the F2 generation, with relatively few studies having been carried out in the F3 generation and beyond (Dunn and Bale, 2011) . Low-protein diet fed to pregnant mice decreases b cell mass in the F1-F3 generations at least until day 21 of life (Frantz et al., 2011) , and in a separate study using a similar paradigm, F3 animals were shown to develop fasting hyperglycemia in adulthood (Benyshek et al., 2006) .
The mechanisms responsible for transgenerational effects in developmental programming are poorly understood in mammals. In the case of transmission via the maternal germline, several possibilities bear mentioning: transmission via alteration of the epigenome (somatic or germline), transmission through factors in the ooplasm (such as mitochondria), or development of the F2 generation in a suboptimal uterine environment provided by the reprogrammed F1 female generation. The last point bears repeating: as both IUGR and maternal obesity have been shown to induce metabolic abnormalities in female F1 offspring, and as this altered metabolic state persists even after the F1 daughter becomes pregnant, this can in turn lead to the development of metabolic abnormalities in the F2 generation, and so forth, thus creating a vicious cycle. In principle, such effects can be experimentally ruled out by transferring the oocytes or fertilized zygotes from F1 animals into control recipient females to separate placental effects from alterations in the F1 oocyte epigenome or mitochondria. However, oocyte and embryo transfer processes themselves have been shown to have adverse effects on the offspring, thus making interpretation of these studies difficult.
Paternal Effects
Although the impact of maternal environment on children has long been clear, the father's contribution to phenotypes in the offspring is much murkier. Although paternal preconception diet has been the subject of some study, most such studies typically focus on fertility-related measures such as sperm count and motility, as it is generally believed that sperm contribute nothing but a single haploid genome complement to offspring.
However, this view is changing as a burgeoning number of studies have linked paternal environmental conditions-largely stress and dietary paradigms-to offspring phenotypes. Indeed, in humans, paternal body mass appears to be a better predictor of childhood metabolic traits than maternal BMI (Figueroa-Colon et al., 2000) . Paternal effect paradigms are of great mechanistic interest, as the basis by which paternal environment influences offspring is unknown at present. Although stress and toxinrelated paradigms both have been documented to induce paternal effects on offspring phenotype in mammals (Rando, 2012) , here we will limit our focus to dietary paradigms.
Male Line Effects in Human Epidemiological Studies
As with maternal effects, paternal effects have been described in multiple mammalian species. In humans, the best-known evidence for male line effects of nutrient availability on future generations comes from the Overkalix cohort (Bygren et al., 2001; Kaati et al., 2002; Pembrey et al., 2006) . In this remote Swedish town, historical crop records were used to infer nutritional access among the ancestors of the current population. Food supply in grandparents was linked to mortality rates two generations later in a gender-specific manner-paternal grandfathers' food supply was associated with altered metabolism in grandsons, whereas paternal grandmothers' food supply was linked to outcomes in their granddaughters. Interestingly, in both cases, relative protection from, or increased risk of, metabolic disease was dependent on the age of grandparental exposure to inadequate diet. Specifically, inadequate diet in early adolescence (ages 9-13) was correlated with decreased risk of mortality in grandchildren, whereas the same exposure experienced by young adults (ages 18-22) was associated with increased risk. This finding is of significant interest, as some rodent studies also find contrasting metabolic outcomes depending on the animal's age at the time of administration of an altered nutritional environment (see below).
Although the number of human studies focused on male-line effects is relatively scant, and the numbers of individuals studied tend to be small, the concordance between such male-line epidemiological results and paternal effect studies in rodent models suggests that links between paternal diet and offspring metabolism are potentially evolutionarily conserved.
Rodent and Other Model Systems
A large and increasing number of rodent models also find effects of paternal diet on offspring metabolism. The dietary paradigms used range from relatively poor diets, such as caloric restriction and low-protein diet, to diets of nutrient excess such as high-fat or ''Western'' diets. The time of exposure to diet varies considerably between studies-while a subset of paternal effect paradigms focus on the period from weaning to sexual maturity, a larger number of studies focus on in utero undernutrition, in which the males used as the paternal generation were carried by mothers subject to starvation during pregnancy. These of course are a subset of the ''F2'' effects described above for maternal effect paradigms (Figure 1) , in which the sons in such experiments are then considered the F0 generation for a paternal effect study. The timing of exposure is a key factor to take into account when considering paternal effect paradigms, as primordial germ cell (PGC) development occurs during the last week of gestation in male mice. A number of major epigenomic transitions, such as erasure of previous imprints and establishment of male-specific cytosine methylation patterns, occur during this period (Feng et al., 2010) , meaning that dietary paradigms starting after birth (generally after weaning) are presumably less likely to influence the epigenome. That said, much remains to be learned about the plasticity of the epigenome and the ability of spermatogonial stem cells to respond to environmental alterations.
Many different metabolic phenotypes have been reported to change in offspring in response to paternal diet (see below for references). The most common metabolic phenotypes measured are related to glucose homeostasis and include fasting glucose, glucose clearance, insulin release in response to glucose, and glucose clearance in response to insulin. Beyond glucose metabolism phenotypes, cholesterol and lipid metabolism, and other cardiovascular phenotypes such as blood pressure, are reportedly altered in response to paternal dietary conditions.
We will focus first on paternal diets that impact glucose metabolism phenotypes in offspring, as these are easily the most commonly reported effects of paternal diets. Perhaps the beststudied cases of paternal nutritional effects on glucose homeostasis come from in utero undernutrition paradigms. Here, pregnant females are subject to severe caloric restriction (in some paradigms, up to 50% reduction in caloric intake) during the last week of gestation, and their sons are then maintained on control diet and mated to control females. It is worth noting that this paradigm differs substantially from many of the maternal effect paradigms described above, as the starvation used is unusually severe and is only used during the last week of pregnancy. Male offspring born following this intervention-effectively, an IUGR ''F2'' generation transmitted via the paternal germline (Figure 1 )-exhibit impaired glucose tolerance, with a 22% increase in the area under the curve following intraperitoneal glucose challenge (Jimenez-Chillaron et al., 2009 ). These offspring also secrete 40% less insulin in response to glucose challenge than control offspring at 4 months of age. Other phenotypes, such as insulin resistance, were observed only in matings between both a male and a female subject to in utero undernutrition, but not in matings with either a control father or mother.
Paternal high-fat diets also induce metabolic phenotypes in offspring. Male rats maintained on a high-fat diet throughout adulthood are reported to sire daughters with mildly impaired glucose tolerance and abnormal pancreatic morphology (Ng et al., 2010) . In mice, fathers consuming a high-fat diet (with or without low doses of streptozotocin in two distinct studies) sired both sons and daughters exhibiting impaired glucose tolerance (Fullston et al., 2013; Wei et al., 2014) . Finally, paternal consumption of low-protein diets (9% versus 18% protein) has been linked to impaired glucose tolerance in both male and female offspring (Watkins and Sinclair, 2014) .
Beyond glucose-related phenotypes, several other metabolic changes have been reported in paternal effect paradigms. Most notably, several studies have shown a link between lipid and cholesterol metabolism and paternal diet. For example, 3-week-old offspring of males consuming a low-protein diet exhibit significantly decreased hepatic levels of free cholesterol and cholesterol esters relative to control offspring, along with increased hepatic expression of genes encoding the cholesterol biosynthesis pathway (Carone et al., 2010) . Cholesterol and lipid biosynthesis genes also change in expression in embryonic day E16.5 offspring of males subject to in utero undernutrition, although apparently, in this system, offspring show the opposite phenotype, with increased hepatic cholesterol stores and decreased expression of many components of the cholesterol biosynthesis pathway (Radford et al., 2012 (Radford et al., , 2014 . It will be interesting to determine whether this difference stems from the timing of exposure to poor diet-in utero versus post-weaning-or reflects the different ages at which offspring were analyzed. Finally, low-protein feeding has also been shown to influence systolic blood pressure in offspring (Watkins and Sinclair, 2014) . In general, many paternal effect studies will need to be repeated in additional cohorts and in different strains of mice and rats to assure reproducibility and generalization of these findings.
No doubt deeper metabolic phenotyping will continue to uncover additional effects of paternal dietary conditions on offspring metabolism. That said, perhaps the most curious aspect of metabolic effects observed following paternal dietary paradigms is that, by and large, the phenotypes observed in these studies overlap substantially with outcomes of maternal dietary intervention (see above), raising the question of whether paternal dietary interventions may alter fetal provisioning by the mother (discussed below).
Paternal Effect Models and the Sperm Epigenome
The male contribution to offspring often amounts to little more than the haploid genome complement in sperm, and as a result, a great deal of attention in paternal effect paradigms has focused on so-called epigenetic information carriers in sperm. That said, it is worth noting that fathers can contribute additional information to offspring-such information carriers minimally include (1) paternal transfer of microbiota to mates or to offspring, (2) effects of seminal fluid on maternal behavior or physiology, and (3) cryptic maternal effects in which females judge males and adjust their resource allocation to offspring accordingly (Curley et al., 2011; Pryke and Griffith, 2009 ). We will first review dietary effects on the sperm epigenome and then will discuss alternative information carriers below.
Five major classes of epigenetic information carriers-transcription factor abundance, chromatin state, small RNAs, DNA modifications such as cytosine methylation, and prions-have been defined in paradigms ranging from microbial environmental memory to metazoan cell state inheritance to transgenerational inheritance systems in plants and worms (Rando, 2012; Rando and Verstrepen, 2007) . Of these, the most commonly studied in paternal dietary paradigms in mammals are cytosine methylation and small RNAs, which will be reviewed here. Cytosine Methylation. Cytosine methylation, which plays wellestablished roles in epigenetic inheritance paradigms in plant and mammal models, has been the best-studied epigenetic mark in various paternal effect experiments. Cytosine methylation changes are often reported in offspring of paternal effect paradigms, often at loci plausibly linked to offspring physiology-in our system, offspring of low-protein fathers exhibit 10% cytosine methylation changes across an enhancer of the key lipid regulator Ppara (Carone et al., 2010) . However, in this case and many others, methylation changes observed in offspring tissues are often absent in analyses of sperm samples, ruling out the simplistic hypothesis in which diet influences the sperm epigenome, which then escapes erasure during early development. For this reason, we focus here on analyses of cytosine methylation patterns in treated versus control sperm and ignore isolated reports of cytosine methylation in offspring tissues. Sperm cytosine methylation patterns have been reported to change at a number of loci in both an in utero undernutrition paradigm (Radford et al., 2014) and in response to paternal prediabetes (Wei et al., 2014) . In the former case, 166 differentially methylated regions (DMRs) were identified using MeDIP-seq in pooled sperm samples, and bisulfite validation (n of 12 animals per treatment) of 32 DMRs confirmed 17 regions of hypomethylation in the undernutrition cohort. In general, these regions exhibited 20% changes in methylation over 5 adjacent CpGs, with most cases apparently changing from 40% methylation at each CpG to 20% methylation. In the case of paternal prediabetes (Wei et al., 2014) , thousands of DMRs were reportedly identified by MeDIP-seq, although validation by bisulfite conversion was only carried out for a small number of loci in pairs of animals. As in the case of in utero undernutrition, methylation differences were generally modest-changes of 20% between sperm samples. In a handful of these cases, the cytosine methylation changes observed in sperm are also found in F1 tissues of interest, which is potentially consistent with the hypothesis that these methylation changes are inherited at fertilization and subsequently play causal roles in establishing the reprogrammed state.
However, several considerations dampen enthusiasm for the hypothesis that the reported cytosine methylation changes play causal roles in paternal effects on offspring phenotype. The primary concern is what can be called the ''digital sperm problem.'' 10%-20% changes in cytosine methylation can be meaningful in a multicellular tissue, as for example, changing from 90% to 70% methylation at a given cytosine in a liver population could result in tripling the number of cells expressing some systemically acting growth factor. In contrast, at fertilization, each sperm truly is alone. Thus, a quantitative change in methylation should only alter the penetrance of a given phenotype: a change from 40% to 20% methylation at a specific CpG in sperm (Radford et al., 2014; Wei et al., 2014) means that one out of five, rather than two out of five, sperm carry a methylated cytosine at that position. This means that, even if the methylation status of the cytosine in question were completely responsible for some phenotype in offspring, at best, this 20% methylation change would alter the fraction of a rodent's litter expressing the phenotype from two out of five to one out of five. Thus, a 20% change in methylation at a cytosine is unlikely to result in penetrant changes in offspring. That said, given that multiple adjacent CpGs are often reported to change methylation in sperm, if such methylation changes were independent at each position, then digital sperm could plausibly carry more continuous, analog, information. Alternatively, it is also plausible that methylation changes occur specifically in a small subset of sperm competent for fertilization (with incompetent or dead sperm nonetheless polluting the ensemble methylation data) or that sperm bearing the methyl marks at this locus exhibit some competitive advantage/disadvantage (superior swimming, oocyte adhesiveness, etc.) in successful fertilization of an oocyte. Both of these scenarios would make the effective changes in methylation in fertilizing sperm much greater than those measured in the unselected sperm ensemble.
The other key challenge for cytosine methylation as a potential carrier of paternal environmental information comes from the near-global resetting of the paternal epigenome that occurs upon fertilization (Feng et al., 2010) . Of course, a small subset of cytosine methylation on the paternal genome escapes erasure, with paternally contributed methylation at a subset of imprinted loci providing the canonical examples (Bartolomei and Ferguson-Smith, 2011) . In addition to imprinted loci, genome-wide analyses of cytosine methylation in gametes and early embryos suggest that additional genomic regions may potentially escape this near-global reprogramming. In mice, sperm-contributed DMRs occur primarily in intergenic CpGpoor regions enriched for LINE elements and can persist for several cleavages (Smith et al., 2012) . Similar enrichment of sperm-specific methylation in intergenic regions is reported in humans, although in contrast to mice, much more of this methylation appears to be erased prior to the two-cell stage (Guo et al., 2014) . These results are consistent with a mechanism in which retention of H3K9-methylated histones over gene deserts in sperm (Carone et al., 2014; Samans et al., 2014) serves to recruit the maternal factor Stella to protect these regions from Tet3-mediated cytosine demethylation (Nakamura et al., 2012) . Whatever the mechanism for retention of a subset of the paternal methylome, it appears to occur preferentially at distal intergenic regions rather than at, say, promoters, and in the majority of cases, methylation is lost within a few cleavage divisions. Such considerations may help guide more fruitful searches for epigenomic changes responsible for paternal dietary effects.
Beyond correlative evidence for cytosine methylation changes in paternal information transfer, functional studies must be the next step in testing the hypothesis that diet-directed methylation is responsible for offspring reprogramming. Such studies are challenging to consider, although advances in locus-specific recruitment of epigenomic regulators may allow such tests in the near future. Small RNAs. Since the discovery of microRNAs in 1993 (Lee et al., 1993) , an ever-expanding universe of small (<40 nt) RNAs have been described and shown to function in a large variety of biological paradigms. Most interestingly, small RNAs have been implicated in several well-established epigenetic inheritance paradigms, including RNAi in nematodes (Fire et al., 1998) , paramutation in maize (Arteaga-Vazquez and Chandler, 2010) , and many related epigenetic silencing paradigms in models from Arabidopsis (Chan et al., 2004; Zilberman et al., 2003) to fission yeast (Grewal, 2010) . Small RNA families include well-studied species such as microRNAs, siRNAs, and piRNAs, as well as less-characterized entities, including tRNA fragments (tRFs) and enhancer-derived RNAs (eRNAs) (Ghildiyal and Zamore, 2009; Sobala and Hutvagner, 2011) . In mammals, microinjection of small RNAs into zygotes has been reported to alter coat color phenotypes (Rassoulzadegan et al., 2006) , cardiac hypertrophy (Wagner et al., 2008) , and other phenotypes.
Several paternal effect studies in mammals have documented changes in small RNA profiles in the sperm of treated versus control males. The majority of such studies focus on microRNAs, either because they use microRNA-specific profiling methods (such as microarrays or <24 nt size selection prior to deep sequencing) or because the more extensive literature on microRNAs makes predictions of functional consequences of these changes easier than predictions of the function of a given piRNA or tRF in zygotes. Changes in levels of specific microRNAs have been reported in sperm in response to paternal conditions both in stress-related and in some nutritional paradigms (Rodgers et al., 2013) . Moreover, in the case of early paternal stress, microinjection of a total RNA pool from the sperm of stressed animals was reported to induce a subset of the phenotypes observed in offspring generated by natural mating (Gapp et al., 2014) . This result suggests that some component of the RNA payload of mature sperm is capable of altering offspring phenotype when introduced into the early embryo.
That said, the hypothesis that sperm RNAs could be responsible for programming offspring phenotype presents several challenges for current mechanistic models for small RNA function. First, mammalian sperm carry extremely low levels of RNA and, considering the volume of a sperm relative to the oocyte, suggests that sperm are unlikely to carry enough RNAs to significantly alter the concentrations of a given RNA species in the oocyte, unless the RNA in question is absent or nearly so from the oocyte. This concern could be alleviated were sperm RNAs to be uniquely modified or pre-bound by an effector protein, but in any case, the simplest model of sperm delivering a pool of soluble small RNAs must contend with the issue of the miniscule sperm cytoplasm. Second, even for uniquely sperm-delivered RNAs, the biochemistry of mammalian Ago proteins strongly supports the idea that only the 20 or so most abundant microRNAs in a given cell are likely to have regulatory impact on the cell (Wee et al., 2012) , an idea that is supported by functional studies in somatic cells (Mullokandov et al., 2012) and in zygotes (Amanai et al., 2006) . Finally, in mammals, it is unclear how small RNAs introduced at fertilization would have lasting effects on offspring phenotype. In the species in which transgenerational inheritance based on small RNAs is best characterized-worms, plants, and fission yeast-RNAdependent RNA polymerase plays a key role in amplifying small RNA signals. In contrast, mammals do not encode a known RNA-dependent RNA polymerase, suggesting that whatever effects sperm RNAs have on offspring must likely occur within the first few cleavage divisions and induce longer-lasting effects by their actions during this stage.
Thus, although small RNAs represent a very strong candidate for the molecular basis of dietary information in sperm based on their roles in other model organisms, many mechanistic questions remain to be resolved to consider sperm delivery of small RNAs to be a credible influence over offspring metabolism.
Synthesizing Maternal and Paternal Dietary Paradigms.
Perhaps one of the most striking aspects of the literature on ancestral dietary conditions is the extensive overlap in phenotypes induced by maternal and paternal effect paradigms. As detailed above, both maternal and paternal effect paradigms influence glucose homeostasis, cholesterol metabolism, and cardiovascular parameters in offspring. In stress paradigms, anxiety-related behaviors are often altered in offspring, again both via maternal and paternal transmission. Although these overlapping outcomes of parental exposure history could potentially reflect investigator biases-if you alter the diet of a parent, it makes sense to look for metabolic outcomes in offspring-in many of the studies detailed above, genome-wide profiling methods were applied to offspring, with metabolic phenotypes being identified in a relatively unbiased manner. Thus, although these overlaps may not be meaningful, it is nonetheless worth considering the hypothesis that maternal and paternal dietary paradigms operate via a shared downstream mechanism.
Several mechanisms could unite paternal and maternal effects on offspring. For example, numerous recent studies implicate the gut microbiota in influencing metabolism, so in principle, both males and females subject to overnutrition (for instance) could potentially inoculate their offspring with similar microbial communities that efficiently extract nutrients from food. However, in many paternal effect experiments, males are removed from the female's cage after only 1 or 2 days of mating; moreover, in our system, we have found that paternal dietary information can be transmitted to offspring even when using in vitro fertilization (J. Shea and O.J.R., unpublished data), thus removing any interaction between the male and his offspring. This last experiment also argues against a mechanism in which females judge the quality of their mate and alter resource provision to the offspring (Pryke and Griffith, 2009 ) and makes seminal fluid-which can significantly impact offspring metabolism in mammals (Bromfield et al., 2014 )-similarly unlikely.
How then might sperm alter maternal resource provisioning? Intriguingly, numerous studies have found effects of brief embryo culture on metabolic phenotypes in offspring (Rinaudo and Wang, 2012) . The earliest cell-fate decision in mammalian embryos is cell-fate allocation between the inner cell mass (ICM) and the trophectoderm (TE) of the blastocyst, which give rise to the embryo and to the extraembryonic tissues, respectively. It is thus theoretically possible that molecular changes in sperm induced by paternal diet somehow influence cell fate allocation between ICM and TE-by altering cell-cycle dynamics for the first few cleavage divisions, for instance-or alternatively, TE cell function, with resulting effects on placental development then resulting in metabolic changes in offspring as detailed above. Indeed, paternal diet and exercise have been linked to preimplantation growth dynamics (McPherson et al., 2013) , potentially providing a link between paternal diet and the findings of common maternal effect phenotypes in offspring. Such a link would also help explain how epigenetic marks in sperm such as cytosine methylation or small RNAs, which generally are erased or at least not copied in the embryo, might exert long-term metabolic effects despite operating during a limited time window. Conclusions The combined epidemiological, clinical, and animal studies clearly demonstrate that the intrauterine environment influences both growth and development of the fetus and the subsequent development of adult diseases. There are specific critical windows during development, often coincident with periods of rapid cell division, during which a stimulus or insult may have long-lasting consequences on tissue or organ function postnatally. In maternal effect models, mitochondrial dysfunction and oxidative stress are among the earliest molecular events described in offspring subjected to nutrient restriction or uteroplacental insufficiency and provide a strong candidate mechanism in the pathogenesis of the fetal origins of adult disease. Later in life, a number of changes in epigenetic marks have been identified in multiple tissues in offspring, which provide the likeliest mechanism by which early molecular changes result in persistent phenotypic changes. There are likely to be many additional mechanisms that will be uncovered as new tools become available to more robustly study these questions.
The near future promises advances on at least three fronts. First, the burgeoning field of epigenetic epidemiology is in its early days, but surveys of epigenetic marks in children who experience adverse placental environments promise to yield a wealth of knowledge regarding the mechanisms responsible for long-term metabolic reprogramming. A number of potential issues with extant studies exist, as for example, birth weight is only one marker of an adverse fetal environment, and confining studies to this population only may lead to erroneous conclusions regarding etiology. But this approach has great promise, particularly as it grows in scope and sophistication. Second, advances in epigenomics and in epigenetic ''editing'' in model organisms should continue to provide mechanistic insights regarding the molecular basis for transgenerational inheritance and to offer fundamental insights into early development. Finally, prevention of metabolic abnormalities will of course be one of the key goals for future efforts, as mitochondrial function and even epigenetic marks provide promising candidates for therapeutic intervention, and research efforts should be focused in this area. 
